We study properties of the zero energy Andreev bound state in a superconductor-normal metalsuperconductor(SNS) junction consisting of two intrinsic degrees of freedom. The superconductors on either sides of the normal metal are assumed to have two sublattices with an intra-sublattice pairing with a phase of zero or π between the two sublattices. In addition, we add a uniform intersublattice pairing and study its effect on the local density of states (LDOS). In particular, we find that as the inter-sublattice pairing is turned on, the zero bias peak (ZBP) is unstable (robust) when the phase difference across the sublattices is π (zero). We discuss the relevance of our results to the recently proposed odd parity −η pairing ground states in Iron based superconductors (FeSCs).
I. INTRODUCTION
The study of electronic transport through the normal metal-superconductor interface has provided a wealth of information regarding the ground states of the constituent materials forming such an interface. A case of particular interest is the transport of an electron having an energy less than that of the superconducting gap, which, when incident onto the interface from the normal metal region, gets retro-reflected as a hole with an opposite spin. Such a reflection conserves momentum (upto order ∆/E f where ∆ is the gap and E f is the Fermi energy) and is accompanied by the transmission of a charge 2e Cooper pair into the superconductor. This process, termed as Andreev reflection [1, 2] , has had a widespread applicability in probing a variety of condensed matter systems for several decades, including superconducting ground states [3] , polarization in ferromagnets [4, 5] , and more recently, topological matter [6] [7] [8] .
Probing the superconducting gap and its pairing symmetry is, perhaps, one of the most important use of Andreev reflection spectroscopy [3] . The sensitivity of the Andreev in-gap bound state energies to the phase of the superconducting gap gives it a special advantage over probes like ARPES, STM or Raman which do not contain any phase information. As an example, the surface of a d− wave superconductor, when oriented perpendicular to the nodal direction of the order parameter, was predicted to host a zero energy surface bound state [9] . Kashiwaya and coworkers [10] [11] [12] generalized the works of references [2, 9] to a d− wave symmetry of the gap for arbitrary orientations of the surface. Such ZBPs have since been widely observed in experiments (see refs. [13] [14] [15] and refs. [3, 10] for a review) providing a crucial confirmation of the d− wave pairing gap in the Cuprates. Additionally, the effects of a magnetic field and surface roughness [16] [17] [18] on the ZBP, and a broken time reversal component [16, 18] of the d− wave order parameter have all been taken into account. Similarly, characteristic features of the Andreev tunneling spectrum have been calculated [19] and observed [20] in the spin triplet p− wave superconductor Sr 2 RuO 4 . More recently, a topological index theorem for the stability of dispersionless surface Andreev bound states on the interface of a normal metal-superconductor was proven [21] . Here, the authors derived general conditions for the existence of dispersionless Andreev bound states for different angular momenta as well as mixed pairing symmetries using the bulk-boundary correspondence.
In multiorbital systems, the resolution of the pairing symmetry using Andreev and tunneling spectroscopy [22, 23] is complicated by the fact that several bands contribute to the density of states at the Fermi level. For example, in the iron based superconductors [24] [25] [26] [27] [28] [29] [30] [31] , all the iron d− orbitals are known to have a non-vanishing density of states at E f resulting in multiple pockets around the Γ and M points in the Brillouin zone [32] . To add to it, unlike the Cuprates, the phase distribution of the order parameter across the Fermi surface is not symmetry protected; as a result, phase sensitive probes like those used in the Cuprates are hard to design. So far, several new pairing phases in the iron based superconductors have been proposed, including, s− wave [33] [34] [35] [36] [37] [38] and d− wave pairing symmetries [39, 40] . Within the s-wave pairing symmetry, there are a variety of possibilities including the sign changes between different pockets (so called s ± [33] [34] [35] [36] ), or between bands featured by different orbitals [41] [42] [43] [44] , or between two sublattices [43] (the η pairing) . Therefore, a systematic study of these ground state characteristics using Andreev spectroscopy is called for. Figure describing the SNS geometry for the two sublattice case. We consider a sign change between the left and right superconductors on each sublattice (A, B) and also a sign change between sublattices A and B within a superconductor. Additionally, we have an uniform even parity pairing between A and B. A normal metal of thickness 2d is sandwiched between the two SCs. The origin is taken to be at the right N S interface [42, 43] . Before we outline the details of our calculations, we briefly summarize previous work by one of us [42, 43] so that the distinction between the mixed η and the commonly studied s ± pairing states is clarified. In order to accommodate the two crucial experimental features of (i) a (π/2, π) resonance in the 245 Chalcogenide and (ii) an isotropic, node-less gap on both the electron pockets in most iron superconductors, one needs to include both nearest neighbor (NN) even parity pairing, c
To begin our detailed analysis of the bound state properties of an SNS junction formed by a pairing state described above, we model the lattice with two intrinsic degrees of freedom, say two sublattices. We assume that the superconductors on either side of the normal metal have two kinds of local pairings -type (a) a N N N intra-sublattice pairing with a relative phase of 0 or π between the two sublattices and type (b) a N N uniform inter-sublattice pairing in each of the two superconductors (see figs 1 and 2). We also maintain an overall π phase difference between the two superconductors on either side of the normal metal − a condition which gives a ZBP at the NS interface in the absence of the (b) pairing type. Our central result is that, as the inter-sublattice pairing type (b) is turned on, the ZBP is unstable (robust) when the phase difference between the sublattices is π (zero). This result, as will be discussed later, rules out a pure finite momentum η pairing. In the following section II, we will present an analytic result for a simplified toy model of an SNS junction. In section III we will discuss our numerical results supporting the conclusions in section II. Finally, in section IV we will end with our discussions and provide experimental context to our results through FeSCs.
II. ANALYTICAL TREATMENT
(i)Sign change case: We begin with the case where we have two sublattices in each superconductor, labelled by A and B. For the superconductor on the right, we assume a positive sign of the gap on A and negative on B. On the left, we swap the signs of the gaps leaving the magnitudes the same(see fig 1) . The B-dG equations in the bulk of the right superconductor take the form
(1)
are the B-dG wavefunctions for the left (L) and right (R) superconductors, ∆, ∆ e are the intraand inter-sublattice pairing respectively, H e is the kinetic part of the Hamiltonian and is the eigenvalue. We can solve the ensuing differential equations to get the B-dG solutions u
where α R s and β R s are coefficients on the right superconductor whose relations will be determined below and k 1 and k 2 are defined as
The above solutions are substituted into the B-dG equations to obtain a relations between the coefficients β R s and α R s. The matrix equation which relates the two sets is given by
where we have defined A = k 2 1 − E f and B = k 2 2 − E f . The above sets of equations can be solved and β R s are written in terms of α R s as
with
We can follow the same procedure for the case of the left superconductor noting that the sign of the order parameters is swapped. The general solutions of the BdG equation in the normal metal are given by u
, where p ij are numbers, j = 1, 2, and similar equations follow for v N j (x) with coefficients q ij and k 1 replaced by k 2 . We have defined k 1 = E f + and k 2 = E f − . As a next step, we match boundary conditions on the two sides of the interface at x = 0 using (the origin is chosen as the interface of the right SN junction, see Fig 1) 
and similar equations follow for x = 2d and for the v i s. Here i = 1, 2, and the subscript x refers to derivatives. With these boundary conditions we obtain sixteen equations with sixteen variables to solve for. We can determine the condition for the existence of a solution by equating the determinant of the linear equation matrix to zero, which then yields the condition
which implies that
where,
The ratio of the in gap bound state energy( ) and the Fermi energy (E F ) is small, and as a result, the difference of the wavevectors in the normal metal (k 1 − k 2 ) is proportional to , which is in turn proportional to cosφ 2 . Thus the condition above in eq.8 states that when there is a sign change of π between the sublattices, even an infinitesimally small inter-sublattice uniform pairing will destroy the ZBP. It is easy to show, by performing a unitary transformation to the Hamiltonian which diagonalizes the pairing sector, that turning on the intersublattice pairing is equivalent to the effects of a non-zero inter-sublattice hopping matrix element. In the limit of ∆ e ∆, we keep only the linear terms to get
with η ≡ ∆e ∆ . Thus, the presence of even a small but non-zero η leaves the ZBP unstable. (ii)No sign change case: We now want to compare our previous result in (i) to the case where there is no internal sign change between sublattices A and B as shown in Fig 2. Just like before, we wish to study the effect of the nearest neighbor uniform pairing (∆ e ). To this end, the Bd-G equations for the right superconductor of the new geometry are modified as
We can follow the same procedure to obtain the matrix relating the α R s and β R s which reads
where the new definitions of the wave vectors in the superconductor on the right are given by
with the definitions
where α and β are real in the case ∆ e < ∆. In the limit η = ∆e ∆ 1 we have
with φ defined as cosφ = /∆. For the case of the left superconductor, the relations between the β L s and α L s get modified by the substitutions γ 1 ↔ γ 2 and coshΓ → −coshΓ. We can then match boundary conditions at the two interfaces at x = 0 and x = −2d and we end up with sixteen equations and sixteen variables. The existence of a non-trivial solution requires that the determinant of the homogenous matrix equation is zero and this yields the condition
In the limit η 1 we can rewrite the condition as 0 = 2cos
where, again, k 1 −k 2 is proportional to ∆cosφ. The above condition allows for a zero energy bound state solution (i.e in the limit of φ → π/2), implying that the ZBP is robust under a small perturbation ∆ e . However, as one must expect, the ZBP is destroyed in the other limit where ∆ e ∆. 
III. NUMERICS a) Model and method:
We now verify the conclusions in the previous section using a more concrete, two dimensional, lattice model. For the purposes of numerical illustration, we start with a two sublattice model consisting of a single orbital per sublattice. A model ideally suited for such a calculation is a single subspace of the doublet model presented in [45] for FeSCs. The parameters are chosen in such a way that there are only hole pockets centered around Γ point. We do this to be able to obtain a fully gapped spectrum in the bulk of the superconductor; for the chosen model, this is not possible with a pure type (a) pairing (with a π phase between A and B) when the electron pockets close to the edges of the Brillouin zone are present. If we insist that such a band structure and Fermi surface must indeed describe a specific system, we can keep in mind the case of the extremely hole doped pnictide KF e 2 As 2 , where ARPES sees only hole pockets at the Γ point [46] . However, as we saw in the earlier section, the results are more generic and can be applied to a wide category of systems.
The following sets of parameters are chosen in the two sublattice model [45] : (t 1s , t 1d , t 2s , t 2d , t 3s , t 3d , µ, t c ) = (0.2, −0.03, 0.3, 0.2, 0.05, −0.05, 1.8, 0) with all units specified in eV . The simple Fermi surface that is assumed from this parameterization, allows for a proper gap structure (without nodal behavior) in the bulk even when there is no type (b) pairing. As a result, a numerical study of the in gap bound states and the effect of type (b) pairing on them can be perfomed without ambiguities.
To calculate the Andreev-LDOS we start with the B-dG equations in real space given by
where H e (r, r ) contains the kinematics in real space in the form of single orbital N N , N N N and 3rd N N hopping. The gap structure in the superconducting state, ∆(r, r ), corresponds to N N N intra-sublattice pairing which changes sign between the sublattices (pure type (a) pairing) with no N N pairing initially. The matrix in real space is diagonalized on a 40 × 40 lattice and the B-dG factors, v n (r) and u n (r), are obtained along with the eigenvalues n . One can then go on to obtian the LDOS at r as
where f is the fermi function and the prime denotes the derivative w.r.t energy. We fix our temperture to k B T = 0.03eV throughout the work. For the two sublattice, single orbital model band structure parameters with a purely type (a) pairing (with π phase difference), a relatively large value of the intra-sublattice pairing parameter (∆ 0 = 0.4 − 0.5) is needed to open a considerable full gap (∼ 0.08eV ) on the fermi surface. In the subsection to follow, we will study the properties of such a model without type (b) pairing to verify known results. Later, we will turn on type (b) pairing and study its effects on the ZBP. b) Results: As a warm up, we begin by reproducing already known results that would be expected from a pure type (a) pairing (with a phase difference of π between A and B). As a start, we calculate the LDOS as a function of the position near the interface. An illustration of the junction is shown Fig 4 . A section of the F e layer is made non-superconducting in the diagonal (110) direction by depositing two atomic layers of a normal metal. This yields opposite signs of the superconducting order parameter on either side of the normal metal. The LDOS in Fig 3 (Left) is calculated along a direction perpendicular to the interface (as shown in Fig 4, marked by numbers 0,1,2) . Close to the interface, a ZBP appears, and is suppressed as we move away from the boundary and into the bulk. The origin of the ZBP is a boundary effect originating from the sign change of π in the superconducting order parameter right across the interface. To confirm this numerically, we plot the LDOS (fig 3 Right) as a function of the relative sign change of the order parameter across the interface but keeping the pairing in the bulk intact. As is seen, there is a ZBP only in the case of a sign change of π across the interface. Understanding the origin of such a ZBP, involves a change in the sign of the ratios of the B-dG wavefunction solutions, u n (r)/v n (r) (obtained self-consistently), across the two N S boundaries which gives rise to an extra (π/2) phase in the condition for the existence of a solution. This extra phase of π/2 is responsible for a zero energy state [3] . A generalized version of this condition in the presence of type (b) pairing is our main contribution in eq.8. In addition, we note that the intensity of the ZBP for the case of four layers is drasitically reduced when compared to the case of two layers; this is because of the dependence of the intensity of the ZBP on the ratio d/ξ, where d is the width between superconductors and ξ is the coherence length. For comparison, the spectrum in the uniform non-superconducting state is also plotted.
So far, we have only considered the effect of a intrasublattice (N N N ) pairing which changes sign between the two sublattices (i.e type (a) pairing with phase of π). We will now turn on the N N inter-sublattice uniform pairing (type (b)) and consider its effect on the LDOS, and particularly, its effect on the ZBP. The B-dG equations are similar to what was presented before, except for additional terms which connect the particle-hole sections of the Hamiltonian generated from the nearest neighbor pairing (denoted by ∆ e ). Evidently, upto the accuracy of the given lattice size, even a small value of η = 0.08 is enough to destroy the ZBP. By choosing larger system sizes, this effect can be seen more clearly with even smaller values of η. On the other hand, when there is no sign change between the sublattices (Fig5 Right), even a relatively large value of η = 0.4 does not destroy the ZBP. These numerical results, presented for the two dimensional lattice model, are consistent with our analytical result derived in the previous section. In the following, we will discuss the relevance of our results in the context of FeSCs.
V. DISCUSSION
Recently, several new pairing phases in the FeSCs have been proposed including s− wave [33] [34] [35] [36] [37] [38] and d− wave pairing symmetries [39, 40] . Additionally, within the s-wave pairing symmetry, there are a variety of possibilities including the sign changes between different pockets (so called s ± [33] [34] [35] [36] ), or between bands featured by different orbitals [41] [42] [43] [44] , or between two sublattices [43] .For example, it was argued in [45] that the F e lattice in the superconducting state can be divided into two sublattices, with the pairing amplitude changing sign between the two sublattices. The motivation of such state [43, 45] is to gap out the regions where the electron pockets are degenerate so as to be consistent with ARPES. However a pure N N N sublattice sign changing gap alone could not account for the experimentally observed neutron resonance peak close to (π, π/2). An additional N N uniform pairing between the two sublattices was needed for such a sign changing ground state to be fully consistent with experiments. From the above theoretical analysis and the following experimental evidence, we argue that Andreev bound state spectroscopy also requires the presence of N N pairing as was done by neutron scattering, thus ruling out a pure N N N sign changing ground state description of FeSCs. Several experimental groups have reported Andreev spectra in the 1111 [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] , 111 [63] , 11 [60, 64] and 122 [52, 53, [65] [66] [67] [68] [69] families. Initially, there were several reports of the presence of a ZBP in the 1111 and 122 compounds. However, there were inconsistencies present in the data like dependence of the ZBP on the sample position, temperature dependence, and dependence on the size of the metallic tip. Later it was shown that the ZBP was an artifact of excessive pressure applied on the tip. More consistent data followed once 'soft contact' Ag tips were used (For a detailed review and discussion, the reader can refer to [53] ). In the 1111 compounds (LaF eAsO 1−x F x and SmF eAsO 1−x F x ) the data was collected for polycrystalline samples with random orientations. No ZBP was observed in either of the cases and as a result it was concluded that no nodes were present and the gaps were completely isotropic [53] which -if it is to be understood in the odd parity picture -corresponds to the presence of the N N uniform even parity pairing. With respect to the 122 compounds, ((Ba, K)F e 2 As 2 and (Ba, Co)F e 2 As 2 ) directional measurements along different crystal directions could be performed due to the avialability of single crystals. Several measurements in different directions along the a − b plane again indicated the absence of ZBPs (see [53] and references therein). Point contact measurements along the c− axis of single crystals in the 111 compound LiF eAs [63] showed a zero bias Josephson current, unrelated to the ZBP due to in gap states. Similar behavior was seen in polycrystalline samples of the 11 compound F eSe [60, 64] . With such strong experimental support and our theoretical analysis, a pure N N N sublattice sign changing pairing, namely a pure η-pairing state [43] , is ruled out. But a mixed pairing state with both the η-pairing and a N N uniform pairing is still possible.
To conclude, we have studied the properties of the zero bias in gap Andreev bound state for an SNS junction made of a lattice with two degress of freedom. The superconducting state consists of a N N N pairing with opposite (same) signs on each sublattice and a uniform N N pairing between the two. We find that the zero bias Andreev bound state is unstable (robust) to inter-sublattice N N uniform pairing when the phase difference between the two sublattices is π (zero). From existing experimental evidence for FeSCs, this necessarily means that a pure η pairing is ruled out. Our study suggests that it is difficult to detect a real space pairing sign change without symmetry protection in SNS junctions. These results can also be extended to cases for pairing states with sign change among intrinsic degree of freedoms such as orbital.
